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Abstract
The chiral magnetic effect (CME) is an exact statement that connects via the
axial anomaly the electric current in a system consisting of interacting fermions
and gauge field with chirality imbalance that is put into a strong external mag-
netic field. Experimental search of the magnetically induced current in QCD in
heavy ion collisions above a pseudocritical temperature hints, though not yet
conclusive, that the induced current is either small or vanishing. This would
imply that the chirality imbalance in QCD above Tc that could be generated
via topological fluctuations is at most very small. Here we present the most
general reason for absence (smallness) of the chirality imbalance in QCD above
Tc. It was recently found on the lattice that QCD above Tc is approximately
chiral spin (CS) symmetric with the symmetry breaking at the level of a few
percent. The CS transformations mix the right- and left-handed components
of quarks. Then an exact CS symmetry would require absence of any chirality
imbalance. Consequently an approximate CS symmetry admits at most a very
small chirality imbalance in QCD above Tc. Hence the absence or smallness
of an magnetically induced current observed in heavy ion collisions could be
considered as experimental evidence for emergence of the CS symmetry above
Tc.
Keywords: QCD; chiral spin symmetry; high temperatures; chiral magnetic
effect
1. Introduction
According to the Atiah-Singer theorem local topological fluctuations of the
gluonic field in Euclidean space with nonzero topological charge induce cre-
ation of chiral quarks such that the number of the right-handed quarks exceeds
the number of the left-handed quarks by the topological charge. This process
produces a chirality imbalance. If such a system is put into a strong external
magnetic field, then this process should give rise to the magnetically induced
electric current. This phenomenon is called the chiral magnetic effect (CME)1,2
and the exact relation between the external magnetic field and magnetically
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induced current based on axial anomaly is
J = σ5B, (1)
where the chiral magnetic conductivety σ5 is expressed in terms of the chiral
chemical potential as
σ5 = Nc
∑
f
Q2fe
2
2pi2
µ5 (2)
with Qfe being the electric charge of the quark with the flavor f and
µ5 =
µR − µL
2
(3)
being the axial chemical potential, i.e a difference of the chemical potentials for
the right- and left-handed quarks. The axial chemical potential parametrises
the chirality imbalance induced by local topological fluctuations.
Experimental search of CME at RHIC and LHC suggests that the magneti-
cally induced current is at most very small, though there are many uncertanties
and direct extraction of the current from data is impossible.3,4, 5 If the magnetic
field that is formed during collision of two nuclei is sufficiently large and at the
same time a magnetically induced electric current vanishes or small, as hinted
by experimental data, then one infers from (1) that chirality imbalance in QCD
is either absent or very small. This obviously requires a convincing explanation.
It was recently suggested6 and then observed on the lattice7,8, 9 that QCD at
RHIC and LHC temperatures is approximately chiral spin (CS) symmetric.10,11
This symmetry, that includes chiral symmetry U(1)A as a subgroup, is not a
symmetry of the Dirac Lagrangian but is a symmetry of the Lorentz-invariant
fermion charge and consequently is a symmetry of the chromoelectric interac-
tions in QCD in a given reference frame. The chromomagnetic interaction as
well as the quark kinetic term break this symmetry. Observation of this symme-
try in Tc − 3Tc interval implies that a dominant physics at this temperatures is
due to the chromoelectric interaction between chirally symmetric quarks, that
are bound into the color-singlet objects (”strings”), and a contribution of the
chromomagnetic interaction as well as of the quark kinetic energy is at least
much smaller. The CS symmetry is not a symmetry of the Dirac Lagrangian
and consequently implies that there are no free deconfined quarks.
A salient feature of the CS-transformations is that they mix the right- and
left-handed quarks. Then exact CS symmetry in QCD above Tc would require
that the chirality imbalance should be absent since this imbalance is propor-
tional the difference of number of the right- and left-handed quarks. Hence an
exact CS-symmetry would require vanishing of the magnetically induced elec-
tric current in heavy ion collisions. In reality this symmetry is not exact and is
broken at a few percent level. Then this approximate CS symmetry admits only
a very small magnetically induced current. Stated otherwise a nonobservation
2
or observation of only small magnetically induced current provided that the ex-
ternal magnetic field is sufficiently large could be considered as an experimental
evidence of the CS symmetry observed on the lattice.
This short paper is structured in the following way. In sections 2 and 3 we
overview already known results about CS symmetry and its observation on the
lattice at high temperatures. This will allow to avoid reading the preceeding
papers. Then in section 4 we present the key argument of this paper and will
conclude in section 5.
2. Chiral spin symmetry
The chiral spin SU(2)CS transformation was defined in ref.
10 as a transfor-
mation that rotates in the space of the right- and left-handed Weyl spinors(
R
L
)
→ exp
(
i
εnσn
2
)(
R
L
)
. (4)
In terms of the Dirac spinors ψ this transformation can be written via γ-
matrices11
ψ → ψ′ = exp
(
i
εnΣn
2
)
ψ = exp
(
i
εnσn
2
)(
R
L
)
, (5)
where the generators Σn of the four-dimensional reducible representation are
Σn = {γ0,−iγ5γ0, γ5}. (6)
The su(2) algebra is automatically satisfied for these three generators,
[Σa,Σb] = 2iabcΣc. (7)
The U(1)A group is a subgroup of SU(2)CS .
In Euclidean space with the O(4) symmetry all four directions are equivalent
and one can use any Euclidean hermitian γ-matrix γk, k = 1, 2, 3, 4 instead of
Minkowskian γ0:
Σn = {γk,−iγ5γk, γ5}, (8)
γiγj + γjγi = 2δ
ij ; γ5 = γ1γ2γ3γ4. (9)
The su(2) algebra is satisfied with any k = 1, 2, 3, 4.
The direct product of the SU(2)CS group with the flavor group SU(2)CS ×
SU(NF ) can be extended to a SU(2NF ) group. This group includes the chi-
ral symmetry SU(NF )L × SU(NF )R × U(1)A as a subgroup. The SU(2NF )
transformations are given by
ψ → ψ′ = exp
(
i
mTm
2
)
ψ, (10)
3
with m = 1, 2, ..., (2NF )
2 − 1 and the set of (2NF )2 − 1 generators being
Tm = {(τa ⊗ 1D), (1F ⊗ Σn), (τa ⊗ Σn)} (11)
where τ are the flavor generators (with the flavor index a) and n = 1, 2, 3 is the
SU(2)CS index.
The fundamental vector of SU(2NF ) at NF = 2 is
Ψ =

uR
uL
dR
dL
 . (12)
The SU(2)CS and SU(2NF ) groups are not symmetries of the Dirac La-
grangian. At the same time they are symmetries of the Lorentz-invariant
fermion charge
Q =
∫
d3xψ¯(x)γ0ψ(x) =
∫
d3xψ†(x)ψ(x). (13)
This salient feature allows us to use the SU(2)CS and SU(2NF ) symmetries
to distinguish the chromoelectric and chromomagnetic interactions in a given
reference frame because the chromoelectric interaction is influenced only by the
color charge while the chromomagnetic interaction is dictated by the spatial
current. The latter current is not SU(2)CS and SU(2NF ) symmetric.
More specifically the (chromo)electric and (chromo)magnetic fields in Minkowski
space in a given reference frame are different fields. Interaction of fermions with
the gauge field in Minkowski space-time can be split in a given reference frame
into temporal and spatial parts:
ψγµDµψ = ψγ
0D0ψ + ψγ
iDiψ. (14)
The covariant derivative Dµ includes interaction of the matter field ψ with the
gauge field Aµ,
Dµψ = (∂µ − ig t ·Aµ
2
)ψ. (15)
The temporal term contains interaction of the color-octet charge density
ψ¯(x)γ0
t
2
ψ(x) = ψ(x)†
t
2
ψ(x) (16)
with the chromoelectric part of the gluonic field. It is invariant under SU(2)CS
and SU(2NF ) since it is invariant under any unitary transformation that acts
in Dirac and/or flavor spaces. The SU(2)CS transformations defined via the
Euclidean Dirac matrices can be identically applied to Minkowski Dirac spinors
without any modification of the generators.
The spatial part contains the quark kinetic term and the interaction of the
spatial current ψ¯(x)γi t2ψ(x) with the chromomagnetic field. It breaks SU(2)CS
4
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Figure 1: Transformations between J = 1 operators, i = 1, 2, 3. The left columns indicate the
SU(2)L × SU(2)R representation for every operator. Red and blue arrows connect operators
which transform into each other under SU(2)L × SU(2)R and U(1)A, respectively. Green
arrows connect operators that belong to SU(2)CS , k = 4 triplets. Purple arrow shows the
SU(4) 15-plet. The f1 operator is is a singlet of SU(4). The Fig. is from Ref.11
and SU(2NF ). We conclude that interaction of the chromoelectric and chromo-
magnetic components of the gauge field with quarks in a given reference frame
can be distinguished by symmetry.
Of course, in order to discuss the chromoelectric and chromomagnetic com-
ponents of the gluonic field one needs to fix a reference frame. The hadron
invariant mass is the rest frame energy. Consequently, to address physics of
hadron mass one should discuss energy in the hadron rest frame. At high tem-
peratures the Lorentz invariance is broken and a natural frame is the medium
rest frame.
3. Emergence of chiral spin and SU(2NF ) symmetries in QCD above
Tc
Above the chiral restoration pseudocritical temperature Tc one apriori ex-
pects in observables chiral SU(2)L×SU(2)R symmetry because the quark con-
densate vanishes during a very smooth crossover at temperatures between 100
and 200 MeV. A pseudocritical temperature Tc determined from the chiral sus-
ceptibility is around 155 MeV in NF = 2 + 1 QCD.
12 This symmetry above
the crossover is evidenced by degeneracy of correlators connected by the chiral
transformation. While the axial anomaly is a pertinent property of QCD its
effect is determined by the topological charge density. There are strong indica-
tions from the lattice that the U(1)A symmetry is also effectively restored above
Tc
13,14 which suggests that the local topological fluctuations in Euclidean space
in QCD are at least very strongly suppressed above Tc. It is a matter of the
present debates whether the U(1)A restoration happens at the same tempera-
ture as of SU(2)L × SU(2)R or at a slightly higher temperature.15 The U(1)A
restoration is evidenced by degeneracy of correlators connected by the U(1)A
transformation. SU(2)L × SU(2)R and U(1)A transformation properties of the
J = 1 operators age given in the left panel of Fig. 1.
In the right panel of the same Fig. we present transformation properties of
the same operators with respect to SU(2)CS and SU(4).
11 If one observes on
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Figure 2: Temporal correlation functions for 12 × 483 lattices. The l.h.s. shows correlators
calculated with free noninteracting quarks with manifest U(1)A and SU(2)L × SU(2)R sym-
metries. The r.h.s. presents full QCD results at a temperature 1.2Tc, which shows multiplets
of all U(1)A, SU(2)L × SU(2)R, SU(2)CS and SU(4) groups. The Fig. is from Ref.9
the lattice degeneracy of correlators that are connected by SU(2)CS and SU(4)
that would be a signal for emergence of these symmetries.
On the r.h.s. of Fig. 2 we show temporal correlators
CΓ(t) =
∑
x,y,z
〈OΓ(x, y, z, t)OΓ(0, 0)†〉 , (17)
at a temperature T = 1.2Tc calculated in NF = 2 QCD with a chirally sym-
metric Dirac operator.9 Here OΓ(x, y, z, t) is an operator that creates a quark-
antiquark pair with fixed quantum numbers. Summation over x, y, z projects
out the rest frame.
Correlators of the isovector scalar (S) and isovector pseudoscalar (PS) oper-
ators are connected by the U(1)A transformation and their degeneracy indicates
restoration of this symmetry. If there is a tiny splitting of the S and PS corre-
lators then it should be so small so that it cannot be seen in the present lattice
data. This strongly suggests that the topological transitions are at least severely
suppressed above Tc. An approximate degeneracy of the a1, b1, ρ(1,0)+(0,1)
and ρ(1/2,1/2)b correlators indicates emergent SU(2)CS and SU(4) symmetries.
Their breaking is estimated at the level of less than 5%.
A similar multiplet structure is seen in spatial correlators in the temperature
range Tc − 3Tc.7,8
On the l.h.s of Fig. 2 we present correlators calculated with noninteracting
quarks on the same lattice. They represent a QGP at a very high temperature
where due to asymptotic freedom the quark-gluon interaction can be neglected.
Dynamics of free quarks are governed by the Dirac equation and only U(1)A
and SU(2)L×SU(2)R chiral symmetries exist. A qualitative difference between
the pattern on the l.h.s. and the pattern on the r.h.s of Fig. 2 is remarkable.
The temporal correlators are directly connected to measurable spectral density.
SU(2)CS and SU(4) symmetries of the t-correlators imply the same symmetries
of spectral densities.
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4. Chiral spin transformation properties of the axial chemical poten-
tial
Now we arrive at the key point of this note: What are implications of the
emerging chiral spin symmetry above Tc on axial chemical potential term in
effective action?
The quark chemical potential µψ(x)†ψ(x) and the axial chemical potential
µ5ψ(x)
†γ5ψ(x) terms can be present in the QCD action,
S =
∫ β
0
dt
∫
d3xψ[γµDµ + µγ4 + µ5γ4γ5 +m]ψ, (18)
in the SU(2)CS and SU(2NF ) symmetric regime only if they are invariant with
respect to the chiral spin transformations, i.e. are the chiral spin singlets. The
chemical potential term is indeed invariant, i.e. transforms into itself upon the
SU(2)CS transformation (5)
ψ(x)†ψ(x) −→ ψ(x)†ψ(x). (19)
The axial chemical potential ψ(x)†γ5ψ(x) term is not invariant under (5) and
transforms into a superposition of three terms:
ψ(x)†γ5ψ(x) −→ αψ(x)†γ4ψ(x) + βψ(x)†γ4γ5ψ(x) + γψ(x)†γ5ψ(x), (20)
i.e. it transforms under the triplet representation of SU(2)CS with coefficients
α, β, γ being determined by three rotation angles. Then such a term is not
allowed in a SU(2)CS-symmetric theory. In other words, the SU(2)CS symmetry
prohibiths existence of a finite axial chemical potential.
The same statement can be understood with a less formal language. The
axial chemical potential parametrizes an excess of the right-handed quarks over
the left-handed quarks. The SU(2)CS transformation mixes the right- and left-
handed quarks, see (4). Consequently a given finite excess of the right- over
the left-handed quarks cannot be SU(2)CS-symmetric. Only a vanishing axial
chemical potential is consistent with chiral spin symmetry.
We conclude that if the emerged chiral spin symmetry were exact, then the
chiral magnetic conductivety σ5 in (1) must vanish. Exact SU(2)CS symme-
try requires vanishing of the magnetically induced electrical current even if the
external magnetic field is large.
Of course, in reality the chiral spin symmetry above Tc is not exact: it is
broken at a few percent level. Then the magnetically induced electric current
can be only very small as it would originate only from the CS symmetry breaking
contributions. The topological fluctuations with a nonzero topological charge
do indeed break the CS symmetry. However their role in the QCD dynamics
above Tc can be only very small because of a very good CS symmetry.
This result explains a vanishing or very small magnetically induced electric
current above Tc as it is suggested by the present experimental data. Stated
7
otherwise, if future experiments confirm a smallness or absence of the mag-
netically induced current provided that the transient external magnetic field
is sufficiently strong, it would be an experimental evidence of the chiral spin
symmetry above Tc.
5. Conclusions
A formation of multiplets in correlators described by the chiral spin SU(2)CS
and SU(4) groups10,11 in the range Tc − 3Tc was observed on the lattice.7,8, 9
These symmetries include the chiral U(1)A and SU(2)L×SU(2)R as subgroups.
These are not symmetries of the free Dirac action and they are not consistent
with free deconfined quarks. In the medium rest frame the chromoelectric inter-
action is invariant under both SU(2)CS and SU(4) transformations, while the
chromomagnetic interaction as well as the quark kinetic term break them.
The emergence of these symmetries in the Tc - 3Tc window suggests that the
chromomagnetic field disappears or is strongly suppressed, while the confining
chromoelectric field is still active. This implies that the physical degrees of
freedom are chirally symmetric quarks bound by the chromoelectric interaction
into color-singlet objects without chromomagnetic effects. This regime of QCD
was named as a ”stringy fluid”.
These symmetries are broken at a few percent level.
If the SU(2)CS and SU(4) symmetries were exact it would require a vanish-
ing of the chirality imbalance. Consequently the magnetically induced current
would exactly vanish even if the external magnetic field be very strong. Then
a tiny magnetically induced current can be only related to the CS symme-
try breaking dynamics which is however much less important than a confining
chromoelectric interaction that binds the chirally symmetric quarks into color
singlet objects. This conclusion is drawn from the smallness of the CS symmetry
breaking.
Confirmation in experiments of smallness of the magnetically induced cur-
rent or its absence provided that the external magnetic field is sufficiently
strong could be considered as an experimental verification of the chiral spin
and SU(2NF ) symmetries in QCD above Tc.
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